Geomechanical models have multiple uses in reservoir management and field development planning. In this case study from a producing deepwater fractured carbonate reservoir (water depth approx. 1500m) we use the same geomechanical model to understand (i) why hydraulic stimulation failed to open a hydraulic fracture due to high minimum principal stress, (ii) what the limits of mud weights for drilling horizontal wells into the pressure depleted reservoir are, and (iii) investigate what the effect of pressure depletion and associated stress changes are on fault permeability, thereby providing an explanation for an observed early water-breakthrough. Multiple data sources, including structural seismic interpretation and Amplitude-versus-Offset (AVO) inversion, well-log measurements and rock-mechanics laboratory tests were combined in building a mechanical property model, and the computed stress state was calibrated with wellbore observations of breakouts directions, induced fractures and leak-off tests.
Introduction
Reservoir geomechanics has become an accepted technology for the petroleum industry during last decades. There are many benefits on improving geomechanical understanding, including: · A better characterization of reservoir volume deformation and impact on rock permeability (compaction and dilation); · Prediction of surface subsidence; · Reducing of risks of fault reactivation and out-of-zone hydraulic fracture propagation during waterflooding or other improved oil recovery process. In Petrobras, Reservoir Geomechanics is a fundamental tool for development of fields with large number of faults/fractures, which is the case of several offshore sandstone reservoirs in Campos Basin, as well as some carbonates fields. Here we discuss the development of a comprehensive reservoir geomechanics study in an actual field of the Campos Basin. The presented technology has been developed as part of the Technology Cooperation Agreement on Reservoir Geomechanics between Petrobras and Schlumberger. A similar study has been carried out for a sandstone field and presented at a SPE Conference (Souza et al, 2012) .
This multidisciplinary project has been developed with a team of geophysicists, geologists, reservoir and geomechanics engineers. An integrated approach involving seismic inversion, structural geology, rock mechanics and multiphase flow in porous media is used to build a 3D geomechanical model of an offshore naturally-fractured carbonate reservoir, Campos Basin, Eastern Brazilian Continental Margin. The first phase of the project involves auditing the data and building 1D Mechanical Earth Models (1D-MEM). These 1D-MEMs use data observations of stress directions and magnitudes (e.g. breakout directions, induced fractures, leak-off-tests, in combination with drilling experience and employed mudweights) for creating stress models along the well trajectory and are later used as calibration tool for the 3D geomechanical model. For the second phase a 3D Mechanical Earth Model (3D MEM) is built, by gridding the reservoir as well as over-, under-and sideburdens, and populating the model with mechanical properties. Rock properties such as Young's modulus, Poisson's ratio, density, friction angle, unconfined compressive strength are distributed using a combination of well log observations, seismic AVO inversion models and rock mechanics test data (Herwanger and Koutsabeloulis, 2011) . Pore pressure is also assigned based on seismic interval velocities calibrated with pressure observations (Dutta, 2002) . The properties are developed based on the values derived and calibrated from applied correlations on the well logs during the 1-D MEM construction (Plumb, 1994; Lacy, 1997) . A seismic inversion was performed in order to obtain the mechanical properties of the reservoir and overburden. The third phase provided a distribution of the stresses and associated strains under initial conditions (before any reservoir depletion) using finite element calculations. This allows an assessment of the variations in stress magnitude and orientation throughout the development area, and the identification of critically stressed faults and fractures (Zhang et al., 2007) . The stress field thereby calibrated to the in-situ stress profiles of the 1D-MEMs from Phase 1, by adjusting the applied boundary conditions. Major influence on magnitude and direction of the stress field are given by the existing faults and fractures, as well as the salt surrounding the field. Since salt cannot sustain shear stresses, the stress field inside the salt is isotropic (Sv~SH~Sh), causing alignment of the stress field around the salt in directions perpendicular and parallel to the salt interface. (Fredrich et al., 2003) . Finally, during the fourth phase of the project stress and strain changes associated with depletion simulated by the reservoir flow model were calculated. For this study, a dual-porosity reservoir model was coupled with a 3D geomechanical model using a two way iterative coupled technique, the help to understand how production modifies the stress state and permeabilities of both rock matrix and fractures along the time of field production. These results are used to investigate the possibility of fault re-activation as a cause of early water breakthrough. Additionally the computed stress field is used in the design of new wells and understanding the risks of drilling into a pressure depleted reservoir (Addis et al., 2001 ) and minimizing water breakthrough at existing and future wells, as well as in planning an overall strategy for field development.
Reservoir description
The field is a deepwater carbonate field in the Campos Basin, offshore Brazil. Water depth approaches 1500m, top reservoir is encountered at approximately 4000m with a reservoir thickness approaching 300m. Reservoir quality is variable along the reservoir column.
The carbonate raft of lower Albian (Early Cretacious, Albiano Inferior) age forming the reservoir sits on a thin salt layer, with faults connecting the reservoir to a pre-salt aquifer (Fig. 1) . The reservoir shape is dome-shaped, with a nearly circular shape in map-view. Matrix porosity in the reservoir is low and production is dependent on natural and stimulated fractures (Fig. 2 ). To model fluid flow, the reservoir needs to be simulated as a dual-porosity, dual permeability system. Matrix permeability ranges between 1-10mD, with permeability in the faults being 3 orders of magnitude larger. The rate of fluid production is thus predominantly controlled by the high permeability faults and fractures, which in turn rely on being re-charged from the matrix. 
Field development and production
The reservoir is currently produced from six wells. After a short initial period of production in the first half of 2008, main production started in early 2009, and field wide-production peaked at more than 15000 sm 3 /day (94,500 bbl/day) in early 2011. Water breakthrough occurred at the time of peak production in early 2011, and water production stands today at approximately 2000 m3/day (12,500 bbl/day). For field development planning and location of infill wells, zones containing both matrix porosity and a high fracture density need to be identified. Ideally, these zones are not connected to faults that are connected to the water table. Additionally, for drilling infill wells into a pressure depleted reservoir, safe drilling trajectories and appropriate mudweights need to be determined. Finally, water-breakthrough occurred earlier than expected. Hydraulic connection between the pre-salt aquifer and the post-salt reservoir is thought to be fault dominated. The identification of conductive and sealing faults, as well as the potential of increasing hydraulic permeability by fault re-activation is poorly understood and needs to be improved.
Workflow description
The geomechanical model was constructed and analysed to assist field development planning by finding high porosity and fractured reservoir zones, to assist wellbore trajectory planning and optimize mudweights, as well as to increase understanding the production challenge of early water breakthrough.
Seismic reservoir characterization
First, we undertook seismic reservoir characterization, through amplitude-versus-offset (AVO) and rock-physics inversion to determine the large scale porosity structure. We used in AVO inversion employing four partial stack cubes (0°-10°, 10°-20°, 20°-30° and 30°-40°). The cubes were aligned in order to remove any residual moveout and to guarantee the correct alignment among the cubes for all reflectors in the AVO inversion process. For each of the four partial stacks a optimum wavelet was derived. In order to consider the vertical variation of frequency and energy of seismic data with depth, we additionally derived wavelets that take into account the loss of high frequency with increasing traveltime observed in the seismic field data. In so doing, an improvement in the seismic well-tie compared to a wavelet with a fixed-frequency content was observed. The frequency dependent attenuation was calculated as a function of the reciprocal of mean frequency of the seismic data for some traces. The variation in energy was calculated based on the differences between the logarithm of the energy of the calibrated angle of reflectivity logs from the wells and the logarithm of the energy of the seismic traces at the well positions.
In order to obtain absolute inversion results, low frequency models the inversion properties are included in the inversion process. In our case of pre-stack AVO inversion, the proprieties were acoustic impedance, Vp/Vs ratio and density. The low frequency models were calculated based on interpolation of logs from four wells. In addition, the extrapolation for whole inverted area was guided by 11 horizons interpreted in the overburden, reservoir and underburden regions. Structural restoration was also employed to better understand fracture genesis and distribution.
A porosity model was calculated using the acoustic impedance and Poisson ratio derived from AVO inversion. In order to get realistic results for the porosity model, a previous calibration work using well data is required. In this methodology, the inversion for rock physics proprieties uses covariances between water saturation, total porosity and volume of clay as a priori information. Those covariances are based on the well log data. In this case the rock is considered as being a mix of carbonates (calcite and dolomite) and shale minerals.
The porosity model derived from AVO inversion and rock physics analysis was converted from two-way traveltime to depth and porosity was mapped onto the existing flow-simulator grid. This allows comparison of the porosity model used for flow simulation, and porosity derived from AVO inversion (Fig. 3) . The simulator porosity model was derived from the geological model and relies on well-log data combined with interpretation of the geological history of deposition. AVO inversion porosity uses observed seismic amplitude data, and incorporates well-log data for calibration. Both models show similar trends across the field, with the Eastern part of the field (right side in Fig. 3) showing generally higher porosity than the Western part. This is also conforms to the results of the structural restoration model. In detail, some significant differences can be discerned. For example, the South-Western part of the field (marked by the red ellipse in Fig. 3 ) shows moderate to high porosity in the simulation model and very low AVO derived porosity. The geological interpretation had been that of a mini-raft, that detached early from the main raft and maintained porosity. AVO inversion correctly determined the low-porosity nature of this mini-raft. This region is the location of an unsuccessful well that encountered oilfilled tight rock. The well did not flow naturally due to low porosity and permeability, and could not be stimulated. The geomechanical model additionally showed that this area is characterized by a high minimum principal stresses (Fig. 4) . This provides a possible explanation for the difficulty in hydraulic stimulation, where the available pump pressure was not sufficient to open a hydraulic fracture against the high minimum principal stress in the competent rock.
Geomechanical model building
The AVO inversion is furthermore employed to build a geomechanical property model, and enables determination of the threedimensional distribution of elastic and strength properties from seismic measurements. The properties are developed based on the values derived and calibrated from applied correlations on the well logs during the 1-D MEM construction. Rock properties such as Young's modulus, Poisson's ratio, density, friction angle, unconfined compressive strength are distributed using a combination of well log observations, seismic AVO inversion models and rock mechanics test data.
The stress field for the geomechanical model is determined by finite element calculations, and the calculations are calibrated with observed stress-directions and magnitudes from wellbore breakouts incorporated into 1D Mechanical Earth models along the existing wellbores (Fig. 4) . Pore pressure is also assigned based on seismic interval velocities calibrated with pressure observations. Since salt cannot sustain shear stresses over long periods, the stress field inside the salt is isotropic (Sv~SH~Sh), causing alignment of the stress field around the salt in directions perpendicular and parallel to the salt interface. Production-induced stress changes are then calculated by coupling the flow-simulation model to the geomechanical stress field simulator. Porepressure changes from flow-simulation are used to update computed stress changes using the geomechanical simulator. In a complementary manner, the computed stress and strain changes are used to update permeability of faults and fractures in the flow-simulator (Fig. 5) . This process can be used to understand early water-breakthrough by investigating the effects of strain changes on fault permeability. A compression perpendicular to the fault surface reduces the fault permeability, whereas a dilatation normal to the fault significantly increase fault permeability. Shear strain on the fault surface is also modeled to increase fault permeability, since asperities along fractures comprising the faults cause the fault zone to dilate if shear train is applied. 
Wellbore stability
Once the dynamic (4D) Mechanical Earth Model is built and calibrated, this model can be applied to address field development issues. In this section, we show application of the geomechanical model to understanding the risks of drilling into a pressure depleted reservoir, and investigate the feasibility of underbalanced drilling of infill wells. The question of underbalanced drilling (drilling with a mudweight that is lower than pore-pressure) arises because mud-losses into pressure depleted open fractures have previously been encountered. These mud-losses can be avoided by underbalanced drilling. On the other hand, this increases the risk of creating wellbore break-outs, because pressure on the wellbore wall provided by the lowdensity drilling mud is no longer sufficient to support the wellbore wall. If enough rock material falls into the well-bore, mudcirculation will not be able to wash the cuttings (rock pieces) out of the hole with a risk of the drill-pipe getting stuck.
To address the issue of well-bore breakouts, we created near well-bore geomechanical models along the planned side-tracks for two wells. The planned well trajectory is inserted into the 3D geomechanical model, a wellbore centric grid is generated, and populated with mechanical properties and stresses from the large scale model. Subsequently, the material from the wellbore is removed and replaced by drilling mud of a given density, and the stress-field is re-calculated using the stresses from the large-scale model as boundary conditions. This approach allows scenario modeling of wellbore stability at different mudweights (Fig. 6) . Using finite element calculations and incorporating rock-failure models, the volume of failed rock and the depth of breakouts can be calculated. The maximum allowable breakout depth is approximately 10-20% of wellbore diameter according to a heuristic rule. Additionally, breakouts at the sides of horizontal wells are less likely to cause stuck pipe events than breakouts at the bottom of a horizontal well. The modeling results displayed in Figure 6 reveal that at mudweights of 1.0 -1.1 g/cm3 break-outs start to occur, but can probably be handled by good drilling practice. Lowering the mudweight further (e.g. between 0.72 -0.82 g/cm3), breakouts occur along most of the planned well, and the breakout volume is such that the risk of stuck pipe is significant.
Fault re-activation and water breakthrough
Water breakthrough in the reservoir occurred earlier than expected, after two years of reservoir production. In order to history match predicted and observed water production, the pre-salt aquifer was connected artificially to the reservoir, and fault permeabilities are assigned such that water breakthrough occurs in wells where it has been observed. In this study, we wanted to investigate, whether there may be a more "natural" means of predicting the onset of water breakthrough. The general idea is to include faults and fractures and assign initial permeability to be uniform for all faults or possibly dependent on the stress state of the faults and fractures. The permeability of faults and fractures in the model can then be updated during production time according to the strain developing on the fault plane. The hope is that this approach results in a history match based on physical principles, rather than manual adjustment according to water breakthrough that has already been observed. We were however restricted to using the current permeability model from the simulator. The aim for this project is therefore to demonstrate that (i) we have the capabilities to couple stress/strain changes during production to permeability updates in a dualporosity/dual-permeability flow model, and (ii) that these strain-induced permeability changes are large enough to significantly alter flow patterns in a fractured reservoir.
During this study we employed different permeability updating scenarios. They are based on the premise that compression normal to a fracture plane by pore pressure reduction results in a decrease in permeability, and fracture opening (measured by dilatational normal strain) causes an increase in permeability. Fracture opening can also be caused by shear-strain on the fracture plane, whereby the fracture opens up as the un-even fracture walls slide past each other. This again results in a permeability increase.
Results of permeability updates using normal strain only, and shear strain and normal strain are displayed in Figs. 7 and 8, respectively. Strong permeability changes of more than an order of magnitude are predicted for the example shown in Fig. 8 . The permeability updates depend on the applied strain-permeability relationship, a relationship for which, to our knowledge, little field-scale experimental data exists.
The coupled flow and geomechanical modeling with permeability showed that the water-breakthrough was delayed for some wells, and advanced for other wells. This observation suggests that stress-induced permeability changes play a major role on water production and connectivity of the reservoir to the water-leg. The exact nature of this relationship needs further investigation. Firstly, the initial distribution of fractures and permeability assigned to faults carries a lot of uncertainty. Secondly, more experience and potentially field experiments are needed to better calibrate the relationship between strain changes and permeability updates. 
Conclusions
Reservoir Geomechanical models have many uses in reservoir management and field development planning. In this case study from a deepwater fractured carbonate reservoir we have shown applications that range from drilling and hydraulic stimulation to reservoir engineering. Specific applications included:
• Identification of zones of good reservoir quality, defined by zones of increased matrix porosity as well as high fracture density, using a combination of seismic reservoir characterization and geomechanical forward modeling; • Investigating the risk of wellbore collapse during underbalanced drilling by creating near-wellbore finite element models within the large scale reservoir geomechanical model; • Explaining the cause of failure to stimulate a well caused by a combination of competent rock, determined by seismic reservoir characterization, and high minimum principal stress; • Understanding the causes and mechanism of early water breakthrough by fault reactivation creating a hydraulically active connection to the water table, by coupled reservoir simulation and geomechanical modelling. Besides the technical challenges in the project, the management of the multi-disciplinary team of geologists, reservoir engineers, reservoir geophysicists and drilling engineers, as well as managing and collecting the multitude of data (well-logs, seismic data and interpretations, reservoir simulation model, core data) ought to be highlighted as additional challenges that were successfully navigated in this project.
